Introduction
============

In the past few decades, significant progress has been made in understanding the molecular principles of oncologic diseases. Based on the extensive knowledge base that has been developed regarding the "hallmarks" of cancers, many different strategies have been formulated and evaluated for cancer treatment and drug-targeting to tumor cells. Some of these systems exploit the overexpression of cancer-related surface-markers on diseased cells or the development of a dense, but leaky, vascular system within a tumor, forming the basis of a tumor targeting strategy.[@b1-ijn-10-1399]

Many problems are currently associated with systemic drug administration. To reach the target site, the drug usually has to cross through several biological barriers in the organism, such as blood vessels, tissues, organs, cells, or even subcellular compartments within the target cell itself. Absence of specificity for the disease site, and the necessity to use very high doses of drugs to achieve sufficient local concentrations, promote the occurrence of nonspecific toxicity and other adverse side effects. A drug-targeting strategy could, potentially, solve the majority of these problems.

The concept of the "magic bullet" approach of drug-targeting was first proposed by Paul Ehrlich.[@b2-ijn-10-1399],[@b3-ijn-10-1399] It relies on the use of targeting-ligands, such as antibodies and their derivatives, peptides, or small molecules, which specifically bind to a receptor that is unique to, or overexpressed at the target site. The two key facilitators of an active delivery mechanism of molecules to a surface ligand are high binding-specificity and affinity. By targeting of nanoparticles carrying active pharmacological molecules, it is possible to achieve drug delivery to destination cells in vivo, maximizing the therapeutic efficacy of the drug and reducing its adverse side effects. The concept of directing drugs attached to "homing" molecules to sites of disease became possible due to recent advances on an interdisciplinary basis across the fields of tumor biology, chemistry, and bioengineered technologies.[@b4-ijn-10-1399],[@b5-ijn-10-1399]

For many years the main driving force for drug delivery in cancer treatment was a nontargeted, or systemic drug administration. However, targeting is expected to increase intratumoral accumulation and, especially in the case of targeting by internalized ligands, to higher intracellular concentrations of the drug ([Figure 1](#f1-ijn-10-1399){ref-type="fig"}).[@b6-ijn-10-1399] Such approaches are focused on increasing the interactions between nanoparticles and cells by enhancing their internalization, but without altering the overall biodistribution.[@b7-ijn-10-1399] Two key benefits arise from such a targeting strategy, namely, that the specific antigen is accessible only on the targeted cells, and that antigen localization and expression remain as specific biomarkers of the target cell population throughout the treatment.[@b8-ijn-10-1399] These properties are now being actively exploited in biomedical research for targeting of drugs.

At present, many types of nanoparticles are under advanced studies as potential drug carriers. Nanoparticle-based drug formulations could potentially be more efficient and less toxic than conventional drug formulations. Some of the most widely used nanoparticles are liposomes, micelles, dendrimers, nanotubes, and polymers. For characteristics of these nanoparticles, see excellent reviews.[@b9-ijn-10-1399]--[@b14-ijn-10-1399]

Here, we focus on ligands which are used for targeting to cancer cells, such as monoclonal antibodies and their engineered fragments, peptides, aptamers, and proteins including DARPins, transferrin, lactoferrin, and lectins, as well as small molecules including folates and mannose derivatives. Their specificity, affinity and effectiveness, and their side effects, such as immunogenicity, are discussed.

Strategy for targeting
======================

There are many different types of ligands which may be used as a basis for targeted delivery. [Table 1](#t1-ijn-10-1399){ref-type="table"} provides examples of ligands in terms of the most important parameters that should be taken into account when choosing a ligand for targeted drug delivery. We have focused on binding affinity as the most significant parameter, along with others, such as size, immunogenicity, clinical use, and cost of production. The ligand should be unique to the target cell and be characterized by the highest binding affinity and lowest immunogenicity. It should also enable penetration of the tumor. The best choice in this respect would be to use the most unique marker for a particular tumor or, even better, for its stem cells. However, at present, not many such markers are available, although substantial progress is being made in this field.[@b15-ijn-10-1399]

Monoclonal antibodies
---------------------

Monoclonal antibodies (mAbs) possess many desirable technical attributes and advantages as tools for biomolecular targeting, including molecular homogeneity, specificity of interaction, high binding affinity in the nanomolar range, and ease of selection. mAbs represent a single molecular species that bind to antigens with the same affinity and promote the same effector functions. Therapeutic mAbs are usually completely humanized, or produced as chimeric proteins, in order to avoid unwanted immune reactions in patients.[@b16-ijn-10-1399],[@b17-ijn-10-1399] Chimeric antibodies contain human kappa and gamma constant regions (Fc domains) and murine light- and heavy-chain variable region (Fab domains). Chimeric mouse--human antibodies, such as rituximab, are genetically engineered. The protein sequences of humanized antibodies are essentially identical to that of their human variants, despite the nonhuman origin of some of the complementarity determining regions (CDR) of their variable chains. The production of humanized monoclonal antibodies can be accomplished using recombinant DNA technology followed by expression in mammalian cell culture.[@b18-ijn-10-1399] The main function of therapeutic mAbs is based on the induction of antibody-dependent cellular cytotoxicity (ADCC). However, in the case of a targeting approach, the antibody is typically used only as a "hook" that facilitates binding of the larger delivery particle with the site of interest on the target cell. Nevertheless, some mAbs also have direct pharmacological effects, mediated via a biological response within the target tissues.

Tumors and surrounding peritumoral cells can produce strongly immunosuppressive cytokines and growth factors, such as transforming growth factor-β (TGFβ). TGFβ has been shown to promote tumor escape from the control of the immune system. GC1008 is a fully humanized TGFβ-specific antibody that binds to all three isoforms of TGFβ.[@b19-ijn-10-1399] This antibody is currently being evaluated in clinical trials of patients with metastatic kidney cancer or malignant melanoma.[@b20-ijn-10-1399]

One of the first molecules targeted by mAb therapy was the epidermal growth factor receptor (EGFR). EGFR belongs to the ErbB oncogene family, which consists of four members, namely, ErbB-1, -2, -3, and -4 (also known as HER-1, -2, -3, -4). EGFR plays a crucial pleotropic role in cell proliferation, differentiation, survival, angiogenesis, and metastasis.[@b21-ijn-10-1399] ErbB receptors consist of an N-terminal extracellular domain, a short transmembrane domain, an intracellular catalytic tyrosine kinase domain, and several intracellular tyrosine residues. EGFR exists in the plasma membrane as a monomer. Upon ligand binding, the receptor undergoes domain rearrangement that allows formation of a homo- or heterodimer with either HER2 or another EGFR molecule. This event brings two intracellular receptor domains together and triggers their intrinsic kinase activation.[@b22-ijn-10-1399]--[@b24-ijn-10-1399] When activated, the EGFR kinase phosphorylates several tyrosine residues in the C-terminal tail of the EGFR which becomes a docking site for downstream signaling effectors that initiate signaling cascades and stimulate cell proliferation.[@b25-ijn-10-1399] Activation through homo- or heterodimerization underlies the combinatorial activation of the EGFR family of receptors, HER2, HER3, and HER4. HER2 is an atypical member of the ErbB family in that it is not directly activated by ligand, but, rather serves as a universal heterodimeric partner for each of the other ErbB family members.[@b26-ijn-10-1399]

Normal cells express up to 1×10^5^ EGF receptors per cell. However, tumor cells can express up to 200-fold more receptors per cell.[@b27-ijn-10-1399],[@b28-ijn-10-1399] Felder et al[@b29-ijn-10-1399] have showed the existence of two populations of EGFR: one of high affinity (1%--2% of the total number of EGFR) showing a twofold higher affinity, at 0.1 nM EGF, compared to the other of low affinity at saturating EGF concentrations. Overexpression of ErbB proteins is frequently found in many different human tumors of epithelial origin (approximately 30% of all tumors), such as non-small-cell lung cancer (NSCLC), breast, head and neck (squamous cell carcinoma of head and neck), gastric, colorectal, prostate, bladder, pancreatic, ovarian, and renal cancers.[@b30-ijn-10-1399]--[@b32-ijn-10-1399] Overexpression, in association with a number of mutations in the ErbB family of genes have been implicated in malignant diseases, and their presence strongly correlates with aggressive pathological characteristics, drug resistance, and poor survival rates.[@b33-ijn-10-1399] Given the role of EGFR in contributing to the development of malignancy, the opportunity to target the EGFR pathway is considered as a potent strategy in medical oncology.[@b27-ijn-10-1399]

Based on the canonical model of ligand-induced dimerization and activation of the EGFR,[@b34-ijn-10-1399],[@b35-ijn-10-1399] two general approaches involving mAbs have been proposed for its inhibition, namely, that the antibodies either recognize the ligand binding site (cetuximab, panitumubab) and inhibit ligand-mediated activation of the receptor, or they prevent the subsequent dimerization process of the receptor by inhibiting the structural changes occurring in the ectodomain upon ligand binding (matuzumab). Examples of anti-EGFR mAbs that have undergone or, currently are in clinical testing are cetuximab (IMC-C225),[@b36-ijn-10-1399] matuzumab (EMD 72000-monoclonal antibody 425),[@b35-ijn-10-1399],[@b37-ijn-10-1399] panitumumab, also known as ABX-EGF, VECTIBIX,[@b38-ijn-10-1399] and necitumumab (IMC-11F8).[@b39-ijn-10-1399]

Cetuximab (IMC-C225) is a chimeric human--murine monoclonal anti-EGFR antibody that is currently in Phase II and Phase III testing. Cetuximab inhibits EGFR activation by competing directly with EGF for its binding site on domain III of the receptor, preventing ligand binding and receptor activation.[@b40-ijn-10-1399] Specifically, cetuximab binds to the EGFR and induces its internalization and degradation, with a concomitant upregulation of p27Kip1 and cell cycle arrest in G1, enhanced apoptosis, inhibition of angiogenesis, and induction of ADCC.[@b41-ijn-10-1399]

Panitumumab is a fully humanized IgG2 mAb that binds with high affinity to the ligand-binding domain of EGFR.[@b42-ijn-10-1399] Panitumumab, similarly to cetuximab, competitively blocks the binding of EGF and TGFα to EGFR, thus inhibiting autophosphorylation induced by EGFR ligands.[@b38-ijn-10-1399] Cetuximab and panitumumab were recently launched and marketed for colon, head and neck, and/or lung cancers, covering a limited range of solid tumors.[@b34-ijn-10-1399],[@b43-ijn-10-1399] Necitumumab (IMC-11F8), designed to bind and block the ligand-binding site of EGFR, is another IgG1 antibody which is currently under investigation in clinical trials of patients with NSCLC.[@b39-ijn-10-1399],[@b44-ijn-10-1399]

Matuzumab is a humanized murine IgG1 monoclonal antibody that binds at a site near to, but distinct from the EGF-binding site on the EGFR and displays a constellation of biochemical and inhibitory properties.[@b45-ijn-10-1399] The Fc receptor recognizes the Fc portion of the IgG1 protein. Hence, it is predicted that this antibody should be capable of triggering ADCC in human tumor cells that express the EGFR antigen. Phase I studies of this agent have demonstrated single-agent activity in colon cancer, with the predominant side effect being mild skin toxicity.[@b46-ijn-10-1399]

HER2 is a more potent oncoprotein than the other ErbBs, and was first discovered as a rodent carcinogen-induced oncogene that encodes a variant of HER2 with a mutation that makes its tyrosine kinase constitutively active. Trastuzumab (Herceptin), which is a humanized monoclonal antibody to HER2, has been the first treatment to reach widespread clinical use, particularly for the treatment of metastatic breast cancer. Trastuzumab induces ADCC.[@b47-ijn-10-1399]

Another monoclonal antibody directed to HER2, which has been clinically tested is pertuzumab, which binds directly to the dimerization arm of HER2 and blocks both its dimerization and activation in response to stimulation of an HER2 partner,[@b48-ijn-10-1399] such as HER3 ([Table 1](#t1-ijn-10-1399){ref-type="table"})[@b49-ijn-10-1399] ([Figure 2](#f2-ijn-10-1399){ref-type="fig"}).

Alemtuzumab, a monoclonal IgG against CD52, is effective in patients with relapsing-multiple sclerosis and is currently in Phase III clinical trials. Alemtuzumab was more effective than interferon beta-1a in preventing relapses over two years of study, with a 59.9% improvement in previously untreated patients and a 49.4% improvement in patients who had had previous treatment with interferon beta.[@b53-ijn-10-1399]

Mazar et al[@b54-ijn-10-1399] have developed a monoclonal antibody, ATN-291, that is specific for human urokinase plasminogen activator (uPA) (see "Peptides" section). The binding affinity of ATN-291 to uPA was about 0.5 nM. The ATN-291 and uPA complex was internalized in a manner specific to uPA. A novel stealth approach utilizing liposome-encapsulated arsenic trioxide, called nanobins (NB), utilized ATN-291 antibody as a targeting mechanism. ATN-291-NB has retained the binding affinity of free ATN-291. NBs were taken up by urokinase plasminogen activator receptor (uPAR)-expressing but not uPAR-negative cells. Several approaches have focused on using fully humanized antibodies to target uPAR. These antibodies exhibit antitumor effects, inhibiting tumor cell invasion in vitro, tumor growth by 25%--50% in vivo, and affected uPAR-dependent signaling in vivo.[@b55-ijn-10-1399] Approaches exploiting uPAR-targeted therapeutics have reached a stage where the targeting of uPAR has been validated as a promising strategy in cancer and the first uPAR-targeted molecule is expected to advance into the clinic in the near future.[@b54-ijn-10-1399]

Based on our experience, targeting with BCL2 antisense oligonucleotides encapsulated within liposomes constituted with a therapeutic antibody against CD20 selectively and effectively reached their target site in vivo in a NOD-SCID mouse xenograft Daudi model. Moreover, a significant therapeutic effect was demonstrated via this treatment. CD20-BCL2 antisense targeted liposomes showed excellent therapeutic efficacy with 100% tumor growth inhibition compared with the mice treated with CD20-targeted liposomes containing scrambled BCL2 antisense sequence. The same formulation of BCL2-antisense encapsulated liposomes, but nonsurface-targeted, showed a much lower therapeutic effect with maximally about 30% tumor growth inhibition.[@b56-ijn-10-1399] Liposomes targeted with therapeutic antibody accumulated in the tumor more extensively when compared to nontargeted liposomes.

Last, but not least, the generation of new or modified mAbs is both laborious and costly. Altogether, these aspects have prompted scientists to seek alternative antibody formats that provide the same binding specificity of mAbs, but with desired improvements in their performance ([Table 1](#t1-ijn-10-1399){ref-type="table"}).

Antibody derivatives
--------------------

To overcome the size restrictions of the full-length monoclonal antibody molecule, naturally-derived or fully synthetic antigen-binding fragments (Fab and Fab'; \~50 kDa), variable fragments (Fv; \~15 kDa), and single chain variable fragments (scFv; \~30 kDa) have been engineered and tested.[@b57-ijn-10-1399],[@b58-ijn-10-1399] Fab′ and scFv fragments can be selected by phage-display and are engineered more easily than mAbs, to control properties such as affinity (*K*~D~ usually lower than 1 nM) or internalization capabilities.[@b59-ijn-10-1399] All of these antigen-binding fragments lack the Fc-antibody region, which is most immunogenic.

As mentioned above, IgGs have been dissected into their constituent domains as either monovalent Fab, scFv, single variable *V*~H~ and *V*~L~ domains, or bivalent fragments, such as (Fab′)~2~. Many such molecules are now in clinical or preclinical trials. A number of Fab fragments have already been approved by the FDA and a number of additional entities are currently in clinical trials.[@b59-ijn-10-1399] Antibody fragments seem set to join mAbs as powerful therapeutic and diagnostic agents, particularly for targeting cancer, inflammatory, autoimmune, and viral diseases. Antibody Fab and scFv fragments, containing *V*~H~ and *V*~L~ domains, usually retain the specific antigen-binding affinity of the parent antibody, but are usually characterized by improved pharmacokinetics with respect to tissue penetration. Antibody derivatives have a variety of applications, ranging from simple research tools as a diagnostic, or companion diagnostic, to highly refined biopharmaceutical drugs in their own right. Their huge selectivity and ease of engineering modulation has facilitated more sophisticated applications (delivery vehicles for gene therapy).[@b59-ijn-10-1399]

CroFab^®^ (Savage Laboratories, Melville, NY, USA) is a Fab (ovine) antibody fragment format approved by the FDA for clinical use in patients who have been bitten by venomous snakes, such as rattlesnakes, copperheads, and cottonmouths/water moccasins. Early use of CroFab^®^, within 6 hours of the snakebite, is advised to prevent clinical deterioration and the occurrence of systemic coagulation abnormalities.[@b60-ijn-10-1399] Sulesomab (LeukoScan^®^; Immunomedics, Inc., Morris Plains, NJ, USA) is a murine monoclonal IgG antibody Fab′ fragment labeled with the isotope technetium-99m. The fragment targets NCA-90, found on the cell membrane of granulocytes. Using a gamma camera, LeukoScan^®^ can be used to detect osteomyelitis, a bone infection. LeukoScan^®^ is not available in North America, but it has European-wide registration and it is also approved in Australia. A number of Fab fragments (Lucentis, Thromboview, CDP791, CDP870, MDX-H210) and scFv (pexelizumab, CC49, SGN-17, C6.5K-A), are currently in preclinical and clinical trials ([Table 1](#t1-ijn-10-1399){ref-type="table"}).[@b59-ijn-10-1399]

Single-domain antibodies consisting of a single monomeric variable antibody domain, also known as nanobodies, have progressed into the clinic, demonstrating the belief in the potential of this type of molecule as a valuable treatment option for patients suffering from Alzheimer's complex disease, for which no adequate drugs are currently available.[@b61-ijn-10-1399]

Peptides
--------

The main strategy to select proper peptide ligands is to screen peptide libraries produced by phage-display[@b62-ijn-10-1399],[@b63-ijn-10-1399] or chemical synthesis.[@b64-ijn-10-1399] The phage-display method is more widely used and enables the selection of small peptides, a hundredth the mass of IgG antibodies.[@b65-ijn-10-1399] This method can be used to identify peptides that target a specific receptor with an affinity in the μM to nM range, or certain cell types, even if the receptors are unknown. A number of such peptides that home specifically to various organs under normal or pathological conditions have been identified.[@b66-ijn-10-1399] These peptides have been used for targeted delivery of oligonucleotides, drugs, imaging agents, nanoparticles, viruses, and liposomes.[@b67-ijn-10-1399]

Peptide-based delivery has many advantages. The small size of peptides allows more efficient penetration to the tissue, compared to antibodies and proteins. Peptides can be chemically synthesized at a large scale relatively inexpensively and, unlike in the case of recombinant expression technologies, the removal of endotoxins or cell culture-derived contaminants is not necessary.[@b67-ijn-10-1399],[@b68-ijn-10-1399] Despite their small size, some peptides have binding affinities comparable to specific antibodies.[@b69-ijn-10-1399]

In vivo phage-display technology makes use of peptide libraries composed of short, random, amino acid sequences expressed on the surface of the phage particles. Typically, these phage libraries are injected into the tail vein of a mouse and allowed to circulate for a short period of time, around 5--15 minutes, to allow for binding of phages displaying peptides that recognize surface epitopes on the target tissue. The bound phage can then be "rescued" from the target organ, amplified, and the whole process repeated a number of times in order to obtain a specific phage-peptide with high affinity for the target tissue.[@b70-ijn-10-1399] The principle behind the peptide homing strategy is that they should only recognize molecules which are upregulated in tumors and, therefore, would not recognize normal cells from the corresponding organ.[@b67-ijn-10-1399],[@b70-ijn-10-1399]

Numerous peptide ligands have been isolated against various types of receptors or cells, such as RGD-containing peptides against integrin receptors in angiogenic tumor vasculature[@b65-ijn-10-1399],[@b71-ijn-10-1399]--[@b74-ijn-10-1399] ([Table 1](#t1-ijn-10-1399){ref-type="table"}), or specific for PDGFR-β receptor in pericytes and endothelial cells,[@b75-ijn-10-1399] KRK-containing peptides directed to angiogenic blood vessels and tumor cells,[@b76-ijn-10-1399] or.[@b65-ijn-10-1399],[@b79-ijn-10-1399] There is also a known peptide sequence, designated as GE11, which recognizes the EGFR.[@b80-ijn-10-1399]

Tumor-homing peptides have already entered clinical trials. Results from several Phase I and II trials have been reported, and a number of trials are currently ongoing or at the stage of recruiting patients for trials.[@b63-ijn-10-1399],[@b81-ijn-10-1399]--[@b84-ijn-10-1399] The results of clinical trials so far have been very encouraging, with reports of improved outcomes in terms of therapeutic efficacy, such as the absence of any dose-limiting toxicity and good tolerance of all peptide-targeted therapy combinations.[@b67-ijn-10-1399]

The most widely used peptides in the targeted-delivery applications are integrin-targeting RGD-peptides -- the first tumor-targeting peptides discovered.[@b68-ijn-10-1399] Integrins α~v~β~3~ and α~v~β~5~ are overexpressed on tumor endothelium and some epithelial cells during tumor growth, angiogenesis, invasion, and metastasis. Therefore, they represent an interesting molecular target for a tumor-homing approach. RGD is a cell-adhesion motif present in many proteins of the extracellular matrix (ECM). This motif is recognized by α~v~β~3~ and α~v~β~5~ integrin receptors. The binding affinities of some of the RGD-containing derivatives for α~v~β~3~ range from 3.2 to 100 nM.[@b85-ijn-10-1399],[@b86-ijn-10-1399] The addition of specific amino acid residues to peptide sequence motifs, such as RGD, that induce binding to cell-attachment proteins, strongly enhances the binding affinity of this peptide. The injection of the modified peptides induced antigen-specific serum antibodies.[@b87-ijn-10-1399]

Among others targeting moieties, molecules such as small peptide LHRH (luteinizing hormone-releasing hormone) analogs or peptide analogs based on the uPAR binding region of uPA should also be mentioned. The receptor for LHRH is overexpressed in many tumors, including breast, ovarian, endometrial, prostate, hepatic, colorectal, and pancreatic cancers, renal cell carcinomas, and melanomas. Some small peptide LHRH analogs, such as DAla^6^EA or DLeu^6^EA, are characterized by high binding affinity to LHRH receptor (*K*~D~ in nM range), and possess the ability to recognize a broad variety of tumors, but not normal cells.[@b88-ijn-10-1399] Use of these small peptides has certain advantages such as ease of preparation, low antigenicity, and increased stability when compared to conventional proteins.[@b89-ijn-10-1399] He et al[@b89-ijn-10-1399] showed that simple immunomodification of PEGylated mitoxantrone-loaded liposomes with LHRH analog, gonadorelin, against cancer-specific LHRH receptors results in development of universal tumor-targeted cytostatics delivery system.

uPAR is selectively overexpressed in most solid tumors and several hematological malignancies. uPAR mediates various signaling events essential for the differentiation and migration of cells within the tumor environment.[@b90-ijn-10-1399] The internalization of uPAR requires formation of the uPA-PAI-1-uPAR complex (complex composed of urokinase plasminogen activator, plasminogen activator inhibitor 1, and urokinase plasminogen activator receptor). Several studies have attempted to exploit the internalization of uPAR to deliver cytotoxic therapeutics to tumors. Peptide inhibitors of uPA binding to uPAR, based on the growth factor domain (GFD) of uPA, have been described. Those peptides usually bind to human uPAR with high affinity (*K*~D~ \<1 nM).[@b91-ijn-10-1399] Disulfide cyclized GFD-derived peptide (amino acids 19--31)-DOTA conjugates bound to ^213^Bi were cytotoxic to OV-MZ-6 ovarian cancer cells in vitro.[@b92-ijn-10-1399]

DARPins (designed ankyrin repeat proteins)
------------------------------------------

DARPins are derived from natural ankyrin repeat proteins, which are the most abundant proteins identified in the human genome.[@b93-ijn-10-1399] DARPins libraries have been engineered by a consensus-design approach to generate designed ankyrin repeat proteins as an alternative to antibody-based scaffolds.[@b94-ijn-10-1399] DARPins are composed of four to six modules and their molecular weight ranges from 14 to 21 kDa, which is almost one-tenth of the size of the conventional IgG, and one-third the size of Fab fragments.[@b95-ijn-10-1399] Usually, with only a few rounds of selection, many different target-specific DARPins can be obtained, with affinities ranging from pM to low nM.[@b96-ijn-10-1399] Due to the small size of DARPins, they offer a much higher tissue penetration compared to antibodies and, therefore, are able to reach targets far outside of the bloodstream. The lack of an Fc domain in DARPin structures makes them less immunogenic than many of the alternative formats.[@b97-ijn-10-1399] The thermal stability of DARPins is usually very high, with the midpoint of denaturation between 65°C and 95°C,[@b98-ijn-10-1399] and with biological half-lives exceeding 60 days.[@b97-ijn-10-1399] Recent studies with full-consensus DARPins revealed that these proteins belong to the most stable proteins described to date. This stability, in association with the fact that the DARPin fold shows no flexible peptide domains, might explain why no proteolytic digestion has been detected in any experiment with their use.[@b97-ijn-10-1399],[@b99-ijn-10-1399]

An investigation of the in vivo accumulation of HER2-specific DARPins in mouse xenografts, demonstrated a strong and direct correlation between the total amount located in the tumor and the respective affinity of the DARPin.[@b96-ijn-10-1399] In a separate study, DARPins interacting with human CD4 with very high affinity (*K*~D~ value of 8.9 nM) were selected. This affinity is comparable with the range of *K*~D~s of high affinity antibodies ([Table 1](#t1-ijn-10-1399){ref-type="table"}).[@b100-ijn-10-1399]

Some DARPins are particularly suited to deliver active pharmacological moieties to sites of disease. This could be a benefit both in oncology, where DARPins are used to deliver toxins to tumors, and in treatment of inflammatory diseases, where DARPins could be designed to inhibit cytokines at sites of inflammation. At present, it is still unclear whether ankyrin-repeat proteins can be delivered in vivo at a level and in a format that are suited for controlling and affecting intracellular mechanisms and interactions. It has been shown, however, that PEG-modified DARPins show an increased serum half-life and still accumulate well in tumor tissue.[@b97-ijn-10-1399] Meanwhile, DARPins for ocular indications are currently in Phase I/II clinical trials.[@b101-ijn-10-1399]

Aptamers
--------

Aptamers are single-stranded DNA or RNA oligonucleotides, between 25--50 bases in length, with a molecular mass generally less than 20 kDa, and are derived from combinatorial libraries through an in vitro selection process called Systematic Evolution of Ligands through Exponential enrichment (SELEX).[@b102-ijn-10-1399] Aptamers are a novel and particularly interesting class of targeting ligands with a unique ability to bind a variety of targets including peptides, enzymes, antibodies, various cell surface receptors, and even small organic molecules with nanomolar or even picomolar affinities.[@b103-ijn-10-1399] In general, compared to other targeting agents, aptamers exploit unique benefits, such as a relatively small size, low immunogenicity, high affinity and selectivity, and the ease of their in vitro synthesis, which makes them attractive alternatives to antibodies and peptides.[@b104-ijn-10-1399] The SELEX protocol allows in vitro selection of aptamers capable of binding to a specific ligand with high selectivity and sensitivity. To make them more resistant to nucleolytic degradation, aptamers are typically chemically modified.[@b105-ijn-10-1399] Since the protocol for the in vitro selection of aptamers does not depend on a binding reaction in a biological system, the real affinity for a ligand in vivo could be completely different. To solve these drawbacks, aptamers are sometimes selected directly using whole living cells, pathogens, or even animal models.[@b106-ijn-10-1399] Some preclinical toxicological studies conducted on selected aptamers did not reveal any toxicity, either in rats (dosing of up to 100 mg/kg) or in dogs (96-hour continuous infusion at doses up to 10 mg/kg/day).[@b107-ijn-10-1399]

Macugen^®^ (Valeant Pharmaceuticals North America LLC, Bridgewater, NJ, USA) is the first and, so far the only aptamer approved by the FDA for clinical use,[@b108-ijn-10-1399] although there are eight other aptamers reportedly enrolled in clinical trials ([Table 1](#t1-ijn-10-1399){ref-type="table"}).[@b109-ijn-10-1399]

Other targeting molecules
-------------------------

Folic acid (or folate), other vitamins, transferrin, growth factors, hormones, and carbohydrates (hyaluronic acid) are naturally occurring ligands to cell surface receptors. The binding affinity values vary in range from low μM for lectins to high nM for folates. They have a huge advantage over other targeting approaches, due to lower molecular weights than antibodies, lower immunogenic index, relatively cheap production and, ease of handling and storage. Receptors for these ligands are often overexpressed on tumor cells, providing a rationale for selective drug delivery. However, receptor expression is generally not specific to tumor cells and normal cells may suffer some toxicity ([Table 1](#t1-ijn-10-1399){ref-type="table"}).[@b110-ijn-10-1399]

### Folates

Folates are low molecular-weight vitamins required by eukaryotic cells for single-carbon metabolism and de novo nucleotide synthesis. There are two different mechanisms for the cellular uptake of folic acid (FA): reduced folate carrier (RFC) and folate receptor (FR). The carrier is a low affinity membrane-spanning protein that transports reduced folate directly into the cytosol.[@b111-ijn-10-1399] RFC is present on virtually all cells, whereas the high affinity FR (*K*~D~ =1 nM) is expressed at high levels mainly on cancer cells eg, ovarian, brain, head and neck, renal, and breast cancers.[@b112-ijn-10-1399]--[@b114-ijn-10-1399] Because animal cells lack key enzymes of the folate biosynthetic pathway, their survival and proliferation are dependent on their ability to acquire and utilize this vitamin.[@b115-ijn-10-1399] It has been demonstrated that receptor-mediated uptake of FA could also be successfully exploited to facilitate entry of an FA-attached molecule, macromolecule, or liposomes into cells.[@b116-ijn-10-1399]--[@b119-ijn-10-1399] Gabizon et al[@b120-ijn-10-1399] showed that folate-targeted liposomes bind to the FR of J6456 lymphoma cells in vivo and play a significant role in liposome biodistribution in solid tumors. On the other hand, the experiments carried out by Leamon et al[@b121-ijn-10-1399] revealed that folate-targeted liposomes accumulated mainly in the mouse liver, because of activated liver-derived macrophages (Kupffer cells), which express FR.[@b122-ijn-10-1399] These studies indicate that liposome-targeting to the FR receptor has the potential to alter liposome biodistribution.[@b120-ijn-10-1399] This methodology is currently being investigated for the selective delivery of imaging and therapeutic agents to tumor tissue. Phase I and II clinical studies for the first folate-containing imaging agents have been initiated,[@b118-ijn-10-1399] but so far no folate-targeting particles are in clinical use.

### Lectins

Lectins are multidomain proteins that can recognize and bind specifically to sugar complexes attached to proteins and lipids. Characteristic features of most interactions involving carbohydrates (either protein--carbohydrate or carbohydrate--carbohydrate interactions) are high specificity and low affinity. Nature overcomes this low affinity by clustering ligands and receptors at the cell surface, using avidity as a means of achieving a sufficient binding strength.[@b123-ijn-10-1399] Different cell types express various glycan arrays and transformed or cancer cells often express different glycans compared with their normal counterparts.[@b124-ijn-10-1399] A large number of different approaches have been used for C-type lectin receptor (CLR) for targeting glyconanoparticles, glycodendrimers, glycofullerenes, glycoclusters, and glycolipids.[@b125-ijn-10-1399] Fluorescent gold nanoparticles were used to display multiple copies of structural motifs of the N-linked high-mannose glycan of HIV gp120 as efficient ligands of dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), also known as CD209.[@b126-ijn-10-1399] Mannose-terminated glycodendrons, were shown to inhibit Ebola virus infection of DCs by DC-SIGN.[@b127-ijn-10-1399] Glycofullerenes presenting mannose residues were used to inhibit DC-SIGN-dependent cell infection by pseudotyped viral particles.[@b128-ijn-10-1399] Multivalent polycationic glyco-amphiphilic cyclodextrins were prepared and used for targeting the mannose receptor (MR) on macrophages.[@b129-ijn-10-1399] Multibranched mannosylated lipids were prepared and incorporated into liposomes to allow for MR-mediated endocytosis by monocyte-derived dendritic cells.[@b125-ijn-10-1399] Barrientos et al[@b130-ijn-10-1399] have examined the interaction of lactose-functionalized gold nanoparticles (GNPs) with two different galactose-specific carbohydrate-binding proteins: an enzyme -- β galactosidase from *Escherichia coli* and a lectin -- the agglutinin from *Viscum album*. The carbohydrate binding site architecture and mode of recognition of these two representative proteins are different. The observed stability, together with the lack of toxicity against several cell lines, makes the GNP technology a promising strategy for the development of potential drugs to intervene in carbohydrate-mediated processes in vivo.

### Transferrin

Transferrin (Tf) is an 80 kDa glycoprotein secreted by the liver. Iron-loaded Tf (monoferric or diferric) binds with its receptor, TfR, with affinity ranging from 1 to 10 nM.[@b131-ijn-10-1399],[@b132-ijn-10-1399] Due to their high rate of proliferation, cancer cells have dramatically increased iron requirements, in comparison with their normal cell counterparts. This phenomenon is associated with an increased expression of TfR, which can be correlated with tumor stage and cancer progression.[@b133-ijn-10-1399] A wide variety of Tf conjugates have been examined to deliver chemotherapeutic drugs, toxic protein (ricin A chain, saponin), PEG-protein conjugates, RNases, and nucleic acid conjugates.[@b133-ijn-10-1399] Adriamycin (ADR), which is an antineoplastic drug, has been chemically conjugated to transferrin (Tf-ADR) in an effort to deliver it directly to cancer cells overexpressing TfR.[@b134-ijn-10-1399] It has been shown that the Tf-ADR conjugate had a lower IC~50~ in HL60 and K562 cells, in comparison to the free drug.[@b135-ijn-10-1399] The same conjugate was also used in a different study, where it exhibited effective tissue biodistribution, a prolonged half-life of adriamycin in murine blood, and controlled release from transferrin conjugates. In nude mice bearing xenografts of H-MESO-1 tumor cells, IV-administered Tf-ADR increased the life span of mice by 69%, in comparison to 30% in the case of mice treated with ADR alone.[@b131-ijn-10-1399],[@b134-ijn-10-1399] Additionally, doxorubicin targeted with transferrin DOX--TRF was able to overcome MDR in leukemia cell lines, while having only a very limited effect on normal tissue cells.[@b136-ijn-10-1399] Conjugation of transferrin with ricin A-chain-toxic protein (RTA), allows TfR-mediated delivery of RTA into cells that can restore its toxicity, since RTA itself lacks any binding activity to the cells. The IC~50~ of RTA--transferrin conjugates in human leukemia CEM cells was between ten- and 10,000-fold lower when compared to the nonlinked combination of Tf and RTA.[@b137-ijn-10-1399] Mann et al[@b138-ijn-10-1399] have used transferrin as the targeting component conjugated to a trimeric HIV gp140 model vaccine antigen-cargo via a biotin--streptavidin linkage (Tf-gp140). Tf targets the highly efficient transcytotic and recycling transferrin receptor (CD71) that is expressed on both nasal and vaginal mucosal epithelium and is actively transcytosed. This conjugate has been successfully utilized as a delivery system for drugs, when associated with microparticles or emulsion formulations, for the delivery of anticancer agents and in gene therapy.

### Lactoferrin

Lactoferrin (Lf) is a mammalian iron-binding glycoprotein, which belongs to the transferrin family. Previously, Lf was successfully exploited as a targeting ligand for delivery in the brain, as the Lf receptor (LfR) is expressed in the endothelial cells forming the blood--brain barrier (BBB).[@b139-ijn-10-1399],[@b140-ijn-10-1399] Moreover, many recent studies have revealed that lactoferrin can bind to multiple receptors on hepatocytes, including low-density lipoprotein receptor-related protein receptors (LRP-R),[@b141-ijn-10-1399] and the asialoglycoprotein receptors (ASGP-R),[@b142-ijn-10-1399] which also belong to the LfR family. It has been demonstrated that Lf binds ASGP-R with high affinity (a *K*~D~ of aproximately 80 nM) in a galactose-independent manner,[@b143-ijn-10-1399] implying that lactoferrin is a good ligand for binding to ASGP-R. Lf--PEG-modified liposomes have been demonstrated to be a promising targeted drug delivery system for liver cancer chemotherapy, exhibiting a remarkable binding affinity and specificity toward hepatoma cells, and improved accumulation within hepatic tumor cells, but displaying low cellular toxicity against normal liver cells.[@b144-ijn-10-1399]

### Mannose derivates

The mannose-6-phosphate receptors (MPRs) are type I trans-membrane glycoproteins that bind their specific oligosaccharide through a mannose-6-phosphate (M6P) recognition site at pH 6.5--6.7 in the trans-Golgi network and release it inside late-endosomes, where the pH is around 6.0.[@b145-ijn-10-1399] M6P residues are exclusively added to the N-linked, high mannose oligosaccharide residue of soluble lysosomal proteins.

The cation-independent mannose 6-phosphate receptor (CIM6PR) plays important roles in various biological processes. Its main role is transporting and sorting those lysosomal enzymes that contain an M6P-recognition marker in their structure from the trans-Golgi network to the lysosomes. CIM6PR also mediates the endocytosis of extracellular ligands such as insulin-like growth factor 2 (IGF2), retinoic acid and M6P-containing proteins.[@b146-ijn-10-1399]--[@b148-ijn-10-1399]

An endothelial cell monolayer associated with pericytes and astrocytes, known as the BBB, separates the blood from the cerebral parenchyma and prevents the penetration of drugs into the central nervous system. This barrier is characterized by tight intercellular junctions. The BBB prevents the uptake of all large molecules, with only small (\<5 kDa), lipid-soluble and electrically-neutral molecules able to passively diffuse across this barrier. In the case of brain tumors, minor local disruptions of the BBB take place.[@b149-ijn-10-1399] Targeting of the BBB, therefore, represents a promising strategy for improving drug delivery to brain tumors. Carrier-mediated transport systems mediate the passage of nutrients through the BBB. Over twenty transporters have so far been identified, such as carriers for D-glucose (GLUT1), monocarboxylic acids (MCT1), large neutral amino acids (LAT1), cationic amino acids, or organic cations.[@b150-ijn-10-1399] The GLUT1 transporter promotes the transport of D-glucose from the blood to the brain. It mediates the passage of substances exhibiting similar structures to D-glucose through the BBB, including 2-deoxyglucose, galactose, mannose, and glucose analogs. Mannose-modified liposomes prepared from *p*-aminophenyl-α-mannoside were able to cross through the BBB using the glucose transporter with high affinity toward M6P receptor.[@b151-ijn-10-1399]

Conclusion: hopes and challenges
================================

Four key requirements seem to be essential for effective targeted drug delivery: retention, evasion, targeting (recognition), and release.[@b152-ijn-10-1399] Our current understanding of drug targeting to tumor cells is based on the combination of a few independent phenomena involving events associated with the enhanced permeability and retention (EPR) effect, properties of nanoparticles, increased retention in the circulation, and the type of ligand--receptor interaction.[@b153-ijn-10-1399] Through the EPR effect, macromolecular therapeutics tend to accumulate within tumors after systemic delivery.[@b154-ijn-10-1399] As such, nanoparticles represent an approach for the delivery of large drug payloads specifically to tumors. However, because many drugs require cellular internalization for efficacy, accumulation within the tumor microenvironment by the EPR effect may not correlate with therapeutic outcome. The specific ligand--receptor interaction for intracellular localization could occur only after blood circulation and extravasation steps, and the extending circulation time is a strategy commonly taken to increase the fraction of nanoparticles reaching a target tumor. Efficient ligand--receptor interaction is dependent upon various factors, including the extent of expression of specific receptors on target cells relative to nontarget cells, receptor availability on the surface of the target cells, the rate of internalization, and recycling of receptor after binding with ligand etc. Moreover, it is not known what fraction of cells express a specific receptor at a given time point and what is the expression pattern of that receptor in the whole tumor. Emanuel et al[@b155-ijn-10-1399] showed that successful delivery of immunoliposomes against fibrocarcinoma antigen was highly dependent on the stage of tumor development, with superior delivery by nontargeted liposomes at all stages except the micrometastases stage. The complexities related to identifying the effective ligand--receptor interaction may help explain the observations of Call et al[@b156-ijn-10-1399] on the lack of improved uptake of folate-targeted liposomes by target cells. Despite the success of in vitro experiments, poor accumulation of folate-targeted liposomes in KB (cells derived via HeLa contamination) tumor tissue was observed and the delivery efficiency was comparable with nontargeted liposomes.[@b121-ijn-10-1399]

Tumor heterogeneity should also be considered for effective tumor treatment. A tumor is not a monoculture or collective mass of a single cell type. In fact, aiming at cancer cells with a single surface marker results in focusing only at a single population among mixed ones which are constantly changing and adapting. Detection and diagnosis of a particular cell type by a single surface marker can result in the overestimation of a cancer, due to commonly shared features with normal cells within the tumor. Generally, the approach involving only one surface marker could be regarded as "outdated". The multiple surface marker approach is considered as a better alternative of cancer cell detection and elimination. There is significant research activity based on the use of a primary tumor sample as a template to explore new targeting moieties with advanced techniques, including phage-display and aptamers screening approaches. These cell-specific approaches are expected to result in the targeting of tumors with greater selectivity.[@b153-ijn-10-1399]

One key strategy in the pursuit of the vision of Ehrlich, that "antibodies are in a way magic bullets that identify their target themselves without harming the organism" was the development of the hybridoma technology.[@b157-ijn-10-1399] Interest in antibody therapeutics has increased over the last decade due to the number of approved agents for the treatment of cancer and other diseases validating this strategy.[@b54-ijn-10-1399] Several mAbs have been already approved for clinical use, with more than 150 additional mAbs in clinical trials worldwide.[@b16-ijn-10-1399],[@b158-ijn-10-1399] So far, 23 different mAbs have been approved by the FDA for clinical use. Among these, seven products are directed to cancer, namely: rituximab (anti-CD20), bevacizumab (anti-VEGF), alemtuzumab (anti-CD52) and targeted to EGFR: cetuximab, penitumumab, trastuzumab (anti-HER2), and matuzumab.[@b159-ijn-10-1399]--[@b161-ijn-10-1399] Therapeutic antibodies provide clinical benefit to patients with cancer and have been established as "standard of care" agents for several highly prevalent human cancers.

Immunoconjugates, where mAbs are covalently linked to drugs, toxins, or radioisotopes, have also been successfully commercialized, eg, Zevalin (ibritumomab tiuxetan), Bexxar (^131^I-tositumomab), and Mylotarg (gemtuzumab ozogamicin).[@b162-ijn-10-1399]--[@b164-ijn-10-1399] There is also growing interest in the range of antibody derivatives and peptides which could be used not only for drug delivery but, also, as diagnostic tools. Because the first generation of liposome therapeutics was focused on reducing systemic toxicity, the current clinically available therapeutic liposome formulations do not exhibit active targeting at the cellular level.[@b165-ijn-10-1399] Kirpotin et al[@b166-ijn-10-1399] demonstrated that both HER2 antibody-targeted and nontargeted liposomes reached tumors in vivo in a human breast cancer xenograft model. However, the uptake of immunoliposomes targeted with antibody against HER2 was approximately sixfold higher in tumor cells than nontargeted particles. This observation suggests that active targeting can be successfully exploited to promote cellular binding and internalization.

Whether the mechanism of action of immunoliposomes involves cellular binding or internalization, there are other barriers that liposomes may encounter within the tumor tissue including disordered vasculature, increased hydrostatic pressure, and the "binding-site barrier". The latter may be generated by a fraction of immunoliposomes, which is bound to the first line of tumor cells and may hinder diffusion through the tumor parenchyma.[@b167-ijn-10-1399] Because the binding-site barrier prevents homogeneous drug activity throughout the tumor, scFvs have often proved more efficacious in improving tumor penetration.[@b168-ijn-10-1399] Achieving enhanced cellular uptake of immunoliposomes and maintaining high bioavailability is most important, but functionalized liposomes can suffer from increased recognition by the immune system. This can result in high in vitro activity that does not translate into in vivo efficacy. A potential solution to this problem is to improve the stealth capacity of immunoliposomes by masking the targeting ligand with polyethylene glycol while in the bloodstream, and exposing that ligand when the liposomes reach the tumor site.[@b165-ijn-10-1399] Kuai et al[@b169-ijn-10-1399] used cleavable disulfide PEG5000 lipid to mask TATs (trans activating transcriptional activators) covalently attached to PEG2000 lipids at the surface of liposome. That strategy resulted in higher tumor accumulation of the liposome preparations and lower capture by the reticuloendothelial system (RES) system.

Tumor-homing peptides have recently entered clinical trials, with a number of other trials currently ongoing or at the stage of recruiting patients.[@b63-ijn-10-1399],[@b81-ijn-10-1399]--[@b84-ijn-10-1399] Interestingly, no dose-limiting toxicity has been reported so far in these trials and all peptide-targeted therapy combinations have been well tolerated.[@b67-ijn-10-1399] The future challenge for this emerging clinical therapeutic approach will be to find novel ways to exploit them, alternatively after chemical manipulation, such as conjugation to active pharmacological molecules or nanoparticles, in order to deliver them with an even greater efficacy and selectivity to the target tissue.

In summary, an increasing range of different classes of ligands have become available for targeted delivery to cancer cell targets, which are characterized by high binding affinity, low toxicity, high stability in blood, and low immunogenicity. However, the "magic bullet" should refer to a system that delivers all of the drug load to the target, without any side effect on nontarget tissues. Based upon what has been mentioned in the literature to date, we could conclude that this field is still in its infancy, although several promising avenues have the potential of delivering novel therapeutic strategies with promising results.
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![Schematic representation of the role of enhanced permeability and retention effect (EPR) in the delivery of drug carriers.\
**Notes:** Tumor targeting of both targeted and nontargeted nanoparticles is achieved by extravasation of nanoparticles through increased permeability of the tumor vasculature and ineffective lymphatic drainage (EPR), whereas ligand-targeted nanoparticles could recognize, bind, and enter the tumor cells via receptor-mediated internalization.](ijn-10-1399Fig1){#f1-ijn-10-1399}

![The mode of action of biopharmaceutical mAbs in EGFR targeting.\
**Notes:** Cetuximab, panitumumab, and necitumumab competitively block the binding of EGF and TGFα to EGFR, thus inhibiting receptor autophosphorylation induced by EGFR ligands. Binding of matuzumab to EGFR prevents the conformational rearrangement required for its dimerization. Trastuzumab binds to extracellular domain IV of ErbB2/HER2, although the exact mechanism of trastuzumab action is not fully established. Whilst domain IV does not contribute directly to the dimerization process, some proteolytic cleavage of domain IV by metalloproteinases is necessary for proper dimerization to proceed. Therefore, the binding of trastuzumab to domain IV blocks its proteolytic cleavage and, consequently, the subsequent dimerization of HER2, which may explain its antiproliferative activity.[@b50-ijn-10-1399]--[@b52-ijn-10-1399]\
**Abbreviations:** mAb, monoclonal antibody; EGFR, epidermal growth factor receptor.](ijn-10-1399Fig2){#f2-ijn-10-1399}

###### 

Summary of data for targeting ligands

  Ligand                            Target molecule (cell)                                                                                                                                                                                                                      *K~D~* (nM)          MR kDa size (nm)   Immunogenicity                                       Clinical status                                 Costs of production                                                              References
  --------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------- ------------------ ---------------------------------------------------- ----------------------------------------------- -------------------------------------------------------------------------------- --------------------------------------------------------------
  **Antibody fragments**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  Fab                               eg, NCA-90 (granulocyte), CEA (apical surface of gastrointestinal epithelium, lung tissues, breast, and colorectal cancer), VEGF (breast, colon, lung, gastric, renal, and oropharyngeal cancers), HER2 (breast, ovarian, stomach cancer)   0.037--1             50 (5)             Lower than mAb                                       Approved by FDA: certolizumab pegol, CEA-scan   \$615/40 mg                                                                      [@b59-ijn-10-1399],[@b170-ijn-10-1399]--[@b174-ijn-10-1399]
  scFv                              eg, CEA, HER2                                                                                                                                                                                                                               0.018--1.1           30 (3)             Lower than Fab                                       Preclinical trials                              Low                                                                              [@b170-ijn-10-1399],[@b171-ijn-10-1399]
  **Monoclonal antibodies (mAb)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Rituximab                         CD20 (pre-B and B-cell)                                                                                                                                                                                                                     8                    145 (15)           [\*](#tfn2-ijn-10-1399){ref-type="table-fn"}         In clinical use                                 High cost of final product, about \$2,000--\$20,000/g                            [@b53-ijn-10-1399],[@b175-ijn-10-1399],[@b176-ijn-10-1399]
  Trastuzumab                       HER2                                                                                                                                                                                                                                        5                    145 (15)           [\*\*](#tfn3-ijn-10-1399){ref-type="table-fn"}                                                       [@b50-ijn-10-1399],[@b53-ijn-10-1399],[@b177-ijn-10-1399]                        
  Bevacizumab                       VEGF                                                                                                                                                                                                                                        0.5                  145 (15)           [\*\*\*](#tfn4-ijn-10-1399){ref-type="table-fn"}                                                     [@b53-ijn-10-1399],[@b172-ijn-10-1399],[@b175-ijn-10-1399],[@b178-ijn-10-1399]   
  Alemtuzumab                       CD52 (lymphocytes, especially T-cells, monocytes, macrophages, monocyte-derived dendritic cells \[moDCs\], and the epithelial cells of the distal epididymis)                                                                               0.1                  145 (15)           [\*\*\*\*](#tfn5-ijn-10-1399){ref-type="table-fn"}                                                   [@b179-ijn-10-1399],[@b180-ijn-10-1399]                                          
  Panitumumab                       EGFR (normal cells and non-small-cell lung cancer \[NSCLC\], breast, head and neck \[squamous cell carcinoma of head and neck\], gastric, colorectal, prostate, bladder, pancreatic, ovarian, and renal cancers)                            0.05                 145 (15)           [•](#tfn6-ijn-10-1399){ref-type="table-fn"}          In clinical use                                 High cost: \$2,000--\$20,000/g                                                   [@b17-ijn-10-1399],[@b42-ijn-10-1399]
  **Proteins and peptides**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  RGD                               Integrins α~V~β~3~ and α~V~β~5~ (overexpressed on tumor endothelium)                                                                                                                                                                        3.2--100             1--5 (1--2)        High                                                 Clinical trials                                 Low                                                                              [@b87-ijn-10-1399]
  DARPins                           eg, CD4 (T helper cells, monocytes, macrophages, and dendritic cells), HER2                                                                                                                                                                 pM--nM Av 4--10 nM   14--20 (5--10)     High                                                 Phase I/II clinical trials                      Low                                                                              [@b97-ijn-10-1399],[@b100-ijn-10-1399]
  **DNA or RNA oligonucleotides**                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Aptamers                          proteins, surface receptors                                                                                                                                                                                                                 μM--pM Av\< 1 nM     8--13 (3--5)       Low                                                  FDA approved: Macugen                           Low                                                                              [@b106-ijn-10-1399],[@b181-ijn-10-1399]--[@b184-ijn-10-1399]
  **Other targeting molecules**                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  Folates                           folate receptors: RFC (all cells), FR (ovarian, brain, head and neck, renal, and breast cancers)                                                                                                                                            1--300               0.44 (0.3)         Low                                                  Yes                                             Low                                                                              [@b114-ijn-10-1399],[@b118-ijn-10-1399],[@b120-ijn-10-1399]
  Lectins                           Lectins receptor: DC-SIGN (dendritic cell), CLR (cancer)                                                                                                                                                                                    μM                   10--200 (2--20)    ·                                                    Not in clinical use                             low                                                                              [@b130-ijn-10-1399],[@b185-ijn-10-1399]
  Transferrin                       CD71 (present on all cells, but overexpressed on cancer cells)                                                                                                                                                                              1--10                80 (5--10)         Low                                                  Not in clinical use                             Low                                                                              [@b132-ijn-10-1399],[@b133-ijn-10-1399],[@b186-ijn-10-1399]

**Notes:** Size--length in the longitudinal section;

low: 11% positive in HACA test;

very low: 0.11% positive in HAHA (human anti-human antibody) test (Genentech, Inc., South San Francisco, CA, USA);

very low: 0.63% tested patients positive for treatment-emergent anti-bevacizumab antibodies;

anti-alemtuzumab antibodies were detected in 80.2% of alemtuzumab-treated patients. Titers generally increased during first 3 months of each course, declined by month 12. At month 12, 29.3% of patients remained positive for anti-alemtuzumab antibodies; ·low: 2% patients developed binding and neutralizing antibodies;

some are potent toxins. Costs are in US\$.

**Abbreviations:** Av, average; CEA, carcino-embryonic antigen; CLR, C-type lectin receptor; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin; EGFR, endothelial growth factor receptor; FR, folate receptor; Fv, variable fragments; Fab, antigen-binding fragments; KD, equilibrium dissociation constant; MR, mannose receptor; RFC, reduced folic carrier; mAbs, monoclonal antibodies; scFv, single chain variable fragments; VEGF, vascular endothelial growth factor.
